Abstract: Objective Understanding the molecular and cellular mechanisms underlying epileptogenesis yields new insights into potential therapies that may ultimately prevent epilepsy. Gap junctions (GJs) create direct intercellular conduits between adjacent cells and are formed by hexameric protein subunits called connexins (Cxs). Changes in the expression of Cxs affect GJ communication and thereby could modulate the dissemination of electrical discharges. The hippocampus is one of the main regions involved in epileptogenesis and has a wide network of GJs between different cell types where Cx30 is expressed in astrocytes and Cx32 exists in neurons and oligodendrocytes. In the present study, we evaluated the changes of Cx30 and Cx32 expression in rat hippocampus during kindling epileptogenesis. Methods Rats were stereotaxically implanted with stimulating and recording electrodes in the basolateral amygdala, which was electrically stimulated once daily at afterdischarge threshold. Expression of Cx30 and Cx32, at both the mRNA and protein levels, was measured in the hippocampus at the beginning, in the middle (after acquisition of focal seizures), and at the end (after establishment of generalized seizures) of the kindling process, by real-time PCR and Western blot. Results Cx30 mRNA expression was upregulated at the beginning of kindling and after acquisition of focal seizures. Then it was downregulated when the animals acquired generalized seizures. Overexpression of Cx30 mRNA at the start of kindling was consistent with the respective initial protein increase. Thereafter, no change was found in protein abundance during kindling. Regarding Cx32, mRNA expression decreased after acquisition of generalized seizures and no other significant change was detected in mRNA and protein abundance during kindling. Conclusion We speculate that Cx32 GJ communication in the hippocampus does not contribute to kindling epileptogenesis. The Cx30 astrocytic network localized to perivascular regions in the hippocampus is, however, overexpressed at the initiation of kindling to clear excitotoxic molecules from the milieu.
Introduction
Epilepsy is the third most common neurological disorder after stroke and Alzheimer's disease [1] . Yet treatment is [2, 3] . Gap junctions (GJs) serve as intercellular channels providing direct cytoplasmic continuity and the intercellular movement of ions, metabolites and second messengers. They are constituted by the hexameric organization of protein subunits called connexin (Cx). Changes in the expression of Cxs during seizure activity has been proposed as a possible mechanism underlying neuronal synchronization [4] [5] [6] [7] [8] [9] . The hippocampus, the main component of the limbic system, plays an important role in epileptogenesis. It has a wide network of GJ communication between different cell types. It was recently reported that astroglial networks scale synaptic activity and plasticity in the hippocampus [10] . Hippocampal astrocytes express both Cx30 and Cx43. While previous studies reported no change in the expression of hippocampal Cx43 during epileptogenesis [6, 7] , studies on the other main astrocytic Cx, Cx30, are limited. Moreover, in most of these studies, the expression was evaluated after the induction of seizures and not during epileptogenesis [7, 11, 12] .
Cx32 is also abundant in hippocampal oligodendrocytes and interneurons [4, 5, 13] . Despite several studies on changes in Cx32 expression in the epileptic state or consequent to seizures [4, 9, [14] [15] [16] [17] [18] [19] [20] , changes of this Cx during epileptogenesis have received little attention.
In the kindling model of epilepsy, the seizures are analogous to human complex partial (focal) seizures with secondary generalization [20] . Kindling is a well-established 
Stereotaxic surgery and kindling procedure
The rats were stereotaxically implanted with stimulating and recording electrodes in the basolateral amygdala of the right hemisphere, according to the previously described method [6] . After 7 days of recovery, the afterdischarge (AD) threshold in the amygdala was determined by a 2-s, 100-Hz monophasic square-wave stimulus of 1 ms per pulse [6] .
Two groups of animals were stimulated once daily at the AD threshold until they showed behavioral seizure stage 2 for two consecutive days (partially-kindled rats with focal seizures) or behavioral seizure stage 5 for three consecutive days (fully-kindled rats with generalized seizures)
according to the Racine classification [20] . A third group received only a single AD threshold stimulation. For each of these groups, a sham group (electrode implanted without stimulation) was used. 
Tissue collection

RNA extraction Total cellular RNA was isolated
from the hippocampus by a modification of the guanidine isothiocyanate phenol-chloroform method [21] using RNX-PLUS reagent (Fermentas, Ukraine). The RNA was treated with 10 U RNase-free DNase I (Roche, Germany) to avoid DNA contamination. The integrity of the RNA samples was determined using denaturing agarose gel electrophoresis.
The concentration and purity of the RNAs were determined by spectrophotometry (NanoDrop ND-1000, NanoDrop
Technologies, Wilmington, DE). The mean absorbance ratio at 260/280 nm was 1.94 ± 0.0 and at 260/230 nm was 1.98 ± 0.1.
cDNA synthesis The reverse transcription reaction
was performed with a first-strand cDNA synthesis kit (Qiagen, Germany) using Oligo-dT primer, AMV reverse transcriptase and 1 µg total RNA as template, according to the manufacturer′s instructions. The concentration of synthetic cDNA was measured at 260 and 280 nm. DNA samples with A260⁄A280 ratios >1.5 were selected for quantitative analysis.
Real-time PCR and comparative threshold cycle
method Cx30 and Cx32 were chosen as target genes and α-tubulin and GAPDH were used as internal reference genes. All primers (Table 1) were designed using Primer The ∆∆C T value for each sample was calculated from the corresponding ∆C T values:
The calculated ∆∆C T was converted to a ratio using the formula (Ratio = 2 -∆∆C T ) [22] . Dissociation curve analysis ] -1 [23] . Data evaluation was carried out using the ABI PRISM 7300
Sequence Detection System and SDS software v.1.2.3
(Applied Biosystems, UK). 
Immunoblotting
Statistical analysis
The data were analyzed by ANO-VA with Tukey's post-hoc test and are presented as mean ± SEM. In all experiments, a P value <0.05 was considered statistically significant.
Results
Initial afterdischarges of 6.6 ± 0.6 s were recorded from the amygdala at the beginning of the kindling procedure. The duration of afterdischarges increased during kindling development and reached 34.6 ± 2.7 s after acquisition of focal seizures and 64.8 ± 4.4 s after acquisition of generalized seizures (Fig. 1 ). Regarding Cx32, although an increase in mRNA expression occurred after the first stimulation and after the acquisition of focal seizures, there were no statistical significances (Fig. 2B) . However, the Cx32 mRNA significantly decreased after the acquisition of generalized seizures and reached a level much lower than that in the corresponding sham group.
Gene expression analysis
Immunoblot analysis Cx30 protein level was signifi-
cantly increased in the hippocampus after the first stimulation (Fig. 3A) . No other change was noted after the devel- opment of focal and generalized seizures. Cx32 protein level did not undergo any significant changes during the kindling process (Fig. 3B ).
Discussion
The results of this study showed overexpression of Cx30 and Cx32 expression has been studied in tissues from patients with epilepsy and animal models of epilepsy.
Condorelli et al. reported that kainate treatment induces a
strong and region-specific increase in the astroglial Cx30 mRNA level, suggesting a direct or indirect involvement of this connexin in the neuronal apoptotic process [12] .
Söhl et al. reported no change in the expression of Cx30, Cx43 and Cx32, at both the mRNA and protein levels in the hippocampus of young kainate-treated rats [8] . Li et al. showed that after 2-6 h of exposure to bicuculline, Cx32 mRNA expression is upregulated 2-3 fold of the control level, and the protein level is significantly elevated thereafter [4] . Szente et al. found significant elevation of the Cx32 mRNA level at the primary focus as well as at the mirror focus after 60 min of repeated ictal discharges induced by 4-aminopyridine [14] . Yao et al. reported upregulation of Cx32 in the hippocampus of patients with intractable epilepsy [17] . In contrast, Collignon et al. reported a decrease in Cx32 in hippocampal subregions in patients suffering from mesial temporal lobe epilepsy [15] . These differences in In the present study, we set out to determine the pattern of expression of hippocampal Cx30 and Cx32 during kindling, which is a model of epileptogenesis [20] .
In vivo Cx30 expression accounts for ~50% of astrocytic coupling in the hippocampus [24] . Cx30 gene expres- the cell membrane, and channel gating [24] . However, posttranslational processes are thought to be the major factor in regulating Cx levels and functional coupling [24] . We found an increase in the abundance of Cx30 protein at the start of kindling. A correlation between Cx protein expression and functional coupling has been demonstrated by many researchers [25, 26] . Although our results do not address whether overexpression of Cx30 protein is accompanied by an increase in functional coupling, enhancement of hippocampal junctional coupling by Cx30 hemichannels at the start of kindling epileptogenesis is plausible.
Based on ultrastructural investigations, it is now well documented that Cx30 is widely expressed in astrocytes as a component of astrocyte/astrocyte as well as astrocyte/oligodendrocyte GJs and in perivascular regions localized to astrocytic end-feet [27] . Expression of Cx30 in hippocampal 735 astrocytes has been reported and it plays a role in GJ communication between astrocytes in the hippocampus [27, 28] .
Recently, Gosejacob et al. demonstrated the heterogeneous expression of Cx30 in the normal mouse hippocampus [29] .
A high level of expression is found around blood vessels in the stratum radiatum. Modest levels of Cx30 are found at blood vessels in the CA1 area as well as the stratum oriens near the pyramidal cell layers. In the dentate gyrus, robust Cx30 immunoreactivity is found in the hilus with low staining in the molecular layer. In all areas of the hippocampus, GJ plaques composed of Cx30 are found at blood vessels. It has been suggested that blockade of glial GJs can impair spatial buffering and result in the accumulation of extracellular potassium and glutamate, which in turn increase neuronal excitability and lead to seizures. In Cx43-and Cx30-knockout mice, the threshold of epileptiform discharge is reduced [30] and hippocampal synaptic transmission and neuronal excitability increase due to decreased clearance of astroglial glutamate and potassium [10] .
Thus, augmentation of Cx30 protein expression at the beginning of the kindling process might be a compensatory response for neuronal discharges in order to buffer the milieu, propagate excitatory stimuli to neighboring cells, and thereby modulate hippocampal excitability and epileptogenesis. In order to test this proposal, further complementary studies on Cx30 channel gating during kindling epileptogenesis and on the effect of specific Cx30 blockers on kindling rate are warranted.
Cx32 is found between neurons as well as oligodendrocytes (oligodendrocyte/oligodendrocyte and oligodendrocyte/astrocyte GJs) [5] . In the hippocampus, Cx32 has been detected in the majority of pyramidal neurons of the CA fields and cells of the dentate gyrus [31] . In the CA1 subfield, Cx32 is expressed by parvalbumin-positive inhibitory interneurons and Cx32 GJs form between interneurons, within oligodendrocytes, or both, and play a role in inhibitory transmission in the hippocampus [32] . It has recently been reported that Cx32-Cx43 knockout mice develop seizures [16] . On the other hand, Cx32 protein is overexpressed in the hippocampus of patients with intractable epilepsy [17] .
Paradoxically, a significant decrease in Cx32 protein in the hippocampus of epileptic patients has been reported [15] .
Here, we found significant downregulation of Cx32 at the transcriptional level in the hippocampus after the completion of kindling in rats. However, no change was detected at the protein level during kindling. This result is in agreement with the study performed by McCracken et al., who reported no change in Cx32 protein expression in the dorsal hippocampus following single stimulation [9] . Gajda et al. reported overexpression of cortical Cx32 mRNA at the epileptic foci after repeated seizures induced by 4-aminopyridine [18] . It has also been reported that inhibition of Cx32 mRNA expression and protein synthesis by intracerebroventricular injection of a specific antisense oligodeoxynucleotide decreases audiogenic seizures [19] . We did not find any change in Cx32 protein level during kindling epileptogenesis, so it is unlikely that Cx32 GJ communication is affected during kindling development. In order to 
